ABSTRACT Atomistic molecular dynamics simulations are used to probe changes in the nature and subnanosecond dynamical behavior of solvation waters that accompany partial denaturation of the globular protein, human a-lactalbumin. A simulated ensemble of subcompact conformers, similar to the molten globule state of human a-lactalbumin, demonstrates a marginal increase in the amount of surface solvation relative to the native state. This increase is accompanied by subtle but distinct enhancement in surface water dynamics, less favorable protein-water interactions, and a marginal decrease in the anomalous behavior of solvation water dynamics. The extent of solvent influx is not proportional to the increased surface area, and the partially denatured conformers are less uniformly solvated compared to their native counterpart. The observed solvation in partially denatured conformers is lesser in extent compared to earlier experimental estimates in molten globule states, and is consistent with more recent descriptions based on nuclear magnetic relaxation dispersion studies.
INTRODUCTION
Solvation plays a vital role in protein structure, dynamics, and function. The wide variety of studies that have elicited the dependence of such properties on protein solvation include light scattering and fluorescence experiments (1) (2) (3) (4) (5) , small-angle x-ray and neutron scattering spectroscopy (6) (7) (8) (9) (10) (11) (12) , nuclear spin echo (13, 14) , solid-state NMR (15) , nuclear magnetic relaxation dispersion (16) (17) (18) (19) (20) , Fourier transform infrared (FTIR) measurements (21) , and terahertz spectroscopy (22) (23) (24) (25) . In addition, molecular dynamics simulations have been used extensively to characterize the dynamics of protein solvation (26) (27) (28) (29) (30) and its association with protein conformation, function, and dynamics (10, 11, (31) (32) (33) (34) (35) . It is important to note that solvent effects are understood to play a fundamental role in protein folding and unfolding (36) (37) (38) (39) (40) . For example, a simulation study of the SH3 protein identified the existence of an ensemble of ''near-native'' structures, the transition to the native state being facilitated by expulsion of water molecules from the core of the protein (40) . A coarsegrained simulation of protein-solvent systems has been used to suggest that loss in conformational entropy in the folding protein is compensated by gain in translational entropy of solvent particles (41) . It has been seen that protein folding and unfolding kinetics can be modulated by solvent viscosity (42, 43) .
It is now well accepted that most nascent protein polymers encounter at least a few metastable states en route to the natively folded functional form, and developing a knowledge of the intermediates is vital for developing an understanding of the folding process (44, 45) . The transition pathways connecting the metastable states may not be unique, and the folding ensemble is comprised of a large number of energetically equivalent substates. The loss in conformational entropy as the protein progresses toward the folded form implies that the ensemble ''size'', or heterogeneity, should decrease along the folding pathway. In view of the fundamental relationship between protein solvation and dynamics, it is important to understand the dynamical and energetic changes in the protein solvating layer that accompany the folding or unfolding process (38, 39) . Recent studies with fluorescent probes attached to the protein surfaces and dynamic lightscattering experiments have elucidated differences in solvation times between the fully denatured, ''premolten'' globule, molten globule, and native states (3, 4) . Molecular dynamics simulations have been used to point out clear differences in the secondary structure dependence of solvation dynamics between the native and a hypothetical molten globule state of the protein HP-36 (46) . Simulations have also been used to correlate partial unfolding of specific secondary structure elements with mobility of the solvation layer and the proteinwater hydrogen bonding kinetics (47) . Site-specific mutations and solvation correlation functions constructed from femtosecond-resolved fluorescence transients show site-dependent enhancement of water dynamics in the molten globule state compared to the native state of myoglobin (5) .
Despite recent developments, there remains a lack of understanding of the changes in some general, but presumably important, aspects of protein solvation, such as the extent, anomalous behavior, and energetic interactions as a protein proceeds along its folding pathway. In this study, we attempt to understand the dynamical changes in protein solvation accompanying partial denaturation of the globular protein human a-lactalbumin (HaLA), which occur on timescales up to a few hundred picoseconds. We use molecular dynamics (MD) simulations to create an ''ensemble'' of partially denatured conformers that are conformationally stable over those timescales. In this respect, and in the extent of their loss of compactness relative to the native (N) state, the members of our ensemble resemble the subcompact molten globule (MG) state of HaLA. The metastable MG states are thought to be the equilibrium analogs of early folding intermediates in globular proteins (44, (48) (49) (50) , and it has even been recognized that they have pathologically important roles (51, 52) . Compared with the native state, we find consistent changes in the dynamical behavior of the solvation waters in our partially denatured ensemble. These changes are such that the well-known slowdown of protein surface waters relative to bulk (11, 16, 17, 27, 28, 30, (53) (54) (55) is decreased or, in other words, there is a shift toward bulklike behavior. This shift is subtle but distinct, and is observed for both translational and rotational dynamics of the solvating waters, and found to be widely distributed over the ensemble. Increased dynamics is also accompanied by marginally greater solvation in almost all ensemble members. The average increase in the solvation number (N s ) is, however, much less than the quantities reported in earlier experimental studies of MG states (13, 56, 57) . We have used the dynamical second-rank rotational correlation function calculated from our simulations in combination with the surface solvation number to obtain the NMRD hydration parameter N s r s (18) . The average value of this quantity for the partially denatured ensemble is very close to the value for the native-state simulation. This finding is in agreement with the observed constancy of N s r s , within error limits, during the N/MG transition for a variety of proteins (18) .
When comparing our results to experimental data, it is important to keep in mind the disparity in conformational sampling: experiments reporting the average behavior of 10 15 -10 18 molecules often fail to describe the behavior of an individual species, whereas the longest atomistic MD simulations will not encompass all conformers present in an experimental sample (38) . Extensive sampling is required to characterize properties of metastable intermediates that exchange on long timescales and form ensembles with a high degree of heterogeneity. The consistent changes observed in our ensemble of partially denatured conformers, whose level of compactness is similar to the MG state of HaLA, ought to be suggestive of phenomena occurring in actual MG samples. The quantities measured experimentally are likely to be closer to the ''ensemble average'' than to quantities obtained from any single simulation. A previously reported protocol for creating large ensembles of conformers structurally similar to the experimental MG state of HaLA involved denaturation by application of biasing forces in a continuum solvent (58) . In this study, we focus on characterizing the changes in dynamical behavior of the solvation molecules brought about by partial protein denaturation in implicit solvent, by creating a modest-sized ensemble that is subsequently investigated using simulations in explicit solvent. A similar thermal denaturation protocol has been implemented in a study of solvation in the native state and a representative MG conformer of another globular protein (46) . Our conformers, with radii of gyration stable over the timescale of interest, may reasonably be assumed to have solvation water dynamical properties akin to those of MG conformers with a similar loss in compaction.
METHODS

Simulation protocol
The 1.7-Å resolution x-ray crystal structure of HaLA, obtained from the Protein Data Bank, entry 1A4V (59), was the starting point from which partially denatured conformers were created (59) . For computational efficiency, a thermal unfolding process was simulated with the native protein structure placed in an implicit solvent environment. Implicit solvent models represent the solvent as a dielectric continuum, in contrast to including the solvent molecules explicitly. The generalized Born solvent area (GB/SA) implicit solvent model was used (60) , and the simulation was carried out with the Maestro simulation program (Schrodinger, Portland, OR). A cutoff of 20 Å was set for electrostatic calculations, 8 Å for van der Waals interactions, and 4 Å for hydrogen bonding, and the dielectric constant was set to 78. Initially, the protein-solvent system was heated over a period of 1 ns, with the temperature increased gradually from 50 to 300 K. This did not cause any significant unfolding in the structure, and the radius of gyration (R g ) of the system remained close to the native value of 14.35 Å (59). The temperature was then set to 400 K, and the system responded with a jump in the R g . At this temperature, the maximum R g of 18.45 Å was reached in 50 ps, soon after which the system contracted, with R g values settling in the vicinity of 16 Å . The unfolding behavior of the protein in implicit solvent for a period of 2 ns is shown in Fig. 1 . There is a slow conformational change between 0.5 and 2 ns, as seen from the gradual rise in R g during that time span. However, the conformations correspond to the experimentally measured R g range of 16-19 Å (1).
Ten roughly equispaced conformational snapshots from the simulation trajectory were subjected to independent simulation runs of 200 ps in implicit solvent. The conformations at the start and end of these individual simulations were then selected to represent 20 putative members of a partially denatured ensemble. This method ensures the conformational heterogeneity of the ensemble while maintaining the experimentally determined extent of denaturation. To model conformers similar to the low-pH ''A'' state of the HaLA molten globule (61), the glutamate, aspartate, and histidine side chains and the C-terminus were protonated, the Ca 21 ion was removed, and 16 Cl À counterions were added. Fifteen of these partially denatured conformers (randomly selected) were transferred to a preequilibrated box of water measuring ;57 Å on each side. The R g of the selected systems at this
The unfolding behavior of the compact native HaLA in implicit solvent at 400 K.
stage have been listed in Table 1 . The SPC/E water model (62) was employed, as it has been shown to accurately describe dynamical aspects of protein hydration (53) . From that point, the explicitly solvated systems were simulated using the NAMD simulation program (63) , with the CHARMM22 all-atom force field for the protein (64) . After 50 ps of conjugate gradient energy minimization, each solvated protein system was individually simulated at a pressure of 1 atm and a temperature of 296 K. Constant temperature was maintained using Langevin dynamics with a collision frequency of 1 ps À1 . The Nosé-Hoover Langevin piston algorithm (65, 66) , as implemented in the NAMD package, was used to maintain constant pressure. The lengths of bonds involving hydrogen atoms were held fixed with the SHAKE algorithm (67) . A simulation time step of 1 fs and periodic boundary conditions were employed. Electrostatic interactions were calculated with particle mesh Ewald (68) . The real-space electrostatic and van der Waals cutoff distances were set at 11 Å , with smooth truncation starting at 10 Å . The R g of each system took between 3.5 and 6.5 ns to settle within the 16-19 Å range, after which the systems were equilibrated at constant volume for 500 ps. The dynamical correlation functions investigated in this study largely decay within the first 100 ps. Thus, our production runs consisted of 400 ps of constant-energy MD, with coordinates saved every 0.1 ps. For comparison, a simulation of the explicitly solvated native state of HaLA was performed within the same protocol. The R g of the native and the 15 partially denatured states during the production runs remained stable, as seen in Fig. 2 . The backbone root mean-squared deviations (RMSDs) of the conformers relative to the native crystal structure are found to be stable during the production runs (data not shown). The mean values of the R g and the backbone C a RMSD are given in Table 1 . Fig. 3 shows snapshots of the native and denatured states at the beginning of the production runs created with the Visual Molecular Dynamics program (69).
Analysis methodology
Solvent residence times and mean-squared displacement
The residence time correlation function from which the average survival time is calculated, is obtained from the equispaced production run configurations as
Here, the binary function p A,j (t 0 ,t 0 1 t) assumes a value of 1 if the jth water molecule remains within the solvation layer of site A continuously for time t, starting from an arbitrary time origin t 0 , and 0 otherwise. N w is the total number of water molecules in the system. The correlation function is calculated with a moving time origin t 0 , and N(t) is the number of segments corresponding to each time span t. Each of the 123 amino acid residues of HaLA has been treated as a ''solvation site''. The mean residence times are obtained from exponential fits of the normalized correlation functions, R A (t)/ R A (0). The histograms of the mean residence times for each system are used to obtain the arithmetic minimum, maximum, and average residence time.
The average residence time obtained in this manner can be compared to the mean residence time of waters solvating the entire protein system, calculated from the function R P (t), which has the same functional form as R A (t) but is constructed as an average over all sites. We fit the normalized residence correlation function obtained for the entire protein to the stretched exponential, known as the Kohlrausch-Williams-Watts (KWW) function,
The integral of the stretched exponential function gives the mean solvent residence time around the protein,
The diffusion of water molecules in the protein solvation layer is known to be described by non-Brownian kinetics (27) . In this ''dispersive diffusion'' regime, the mean-squared displacement (MSD) of the water oxygen atoms within the solvation layer is fitted to the power-law form
The coefficient a, compared to the value obtained for bulk water, gives a direct measure of the anomalous nature of surface solvation.
Rotational dynamics and 17 O NMRD parameters
We highlight the salient features of quadrupolar spin relaxation theory as required by this study. For greater appreciation of the theoretical framework and applications of the nuclear magnetic relaxation dispersion (NMRD) technique, the reader is referred to a comprehensive series of articles by Halle et al. (16, 17, (70) (71) (72) (73) . From the theoretical foundations of quadrupolar spin relaxation theory, the 17 O NMRD longitudinal relaxation rate profile depends on the resonance frequency, v 0 , as follows (17, 70) :
The term bt c F 1 (v 0 t b ) is the frequency-dependent dispersion step describing the slow rotation of the protein molecule and its associated integral waters, and R bulk is the frequency-independent relaxation rate of bulk water. Here, a describes the relaxation parameters of water molecules near the protein surface, which can be expressed as
where N s and N T are, respectively, the number of surface water molecules and the total number of water molecules, and AER s ae is the average surface relaxation rate. The quantity obtained from the experimental relaxation profiles is
Since the 17 O quadrupolar coupling constant is expected to be the same for water molecules next to the protein surface and in bulk water (16) , AER s ae/R bulk For radius of gyration (R g ), values given are before equilibration in explicit solvent and averaged over constant-energy production runs. The RMSD of the backbone C a atom is given with respect to the native crystal structure.
may be interpreted as the ratio (AEt s ae/t bulk ) of the average second-rank rotational correlation times. Thus,
Estimates of rotational relaxation times of bulk and surface waters are computed from the simulations via time correlations of the second Legendre polynomial (the second-rank spin correlation function),
where u(t) is the rotation angle of a molecule fixed unit vector in time t. We have chosen the dipole moment vector of the water molecule for this calculation and we have found that the OH vector gives essentially identical results. It is known that P 2 (t) does not have a simple exponential decay, but can be fitted to the KWW function (28, 54) . The region beyond the initial transient decay is therefore fitted to the form
and the mean relaxation time is computed using
RESULTS
Definition of the solvation layer from native state results
It has been shown that accuracy of NMRD results obtained from simulation studies has a dependence on the definition of the solvation layer (28) . In Table 2 , we report for the native simulation the average solvation number, N s , the rotational FIGURE 2 Radii of gyration (R g ) of the native (N) and 15 partially denatured protein conformers during the equilibrated, constant energy production runs. parameters AEt s ae and r s , N s r s , and the solvent-accessible surface area per hydration water at varying thicknesses of the solvation layer, defined as the distance between a water O atom and any protein heavy atom. The experimental value of N s r s is reproduced satisfactorily between 3.75 and 4.75 Å . At 4.0 Å , the solvation number and the retardation factor r s are similar to reported experimental estimates (18) . At this thickness, the protein solvent-accessible surface area (SASA) per surface water molecule, calculated by running a probe of 1.8 Å on the protein surface and dividing the total area covered by the number of water molecules within the defined solvation layer, is close to the value of 15 Å 2 , the value considered in estimating N s from NMRD data (18) . In this study, we chose the thickness of the solvation layer to be 4.0 Å , i.e., solvation properties in the native and partially denatured states are compared based on water molecules that reside within this distance of the protein surface. This definition is consistent with the radial solvent density profiles around protein heavy atoms obtained from x-ray diffraction data (74) . A similar dimension of the first hydration shell has been deduced from small-angle x-ray and neutron scattering data (7, 75) .
Solvent residence times in native and subcompact states
In Fig. 4 , we show the residence time correlation function of waters solvating the entire protein within the solvation layer. A shift toward shorter relaxation times occurs consistently for each of the denatured states. The overall shift is modest, with a 31.2% decrease in the mean residence time calculated from R P (t) relative to the N state, when averaged over all of the ensemble members. The shift is more pronounced within the first few tens of picoseconds (Fig. 4, inset) , which indicates weaker association of the protein with the surface waters. We note that the fitting parameter l does not change significantly between the native and partially denatured conformers, and the decrease in the mean residence time is mainly due to the change in parameter t. The residence-time data is summarized in Table 3 . The shift toward shorter residence times is also evident when the histograms of the individual residence times (calculated from the time correlation functions at each amino acid residue, as described in Methods are considered (Fig. 5) . Based on the data in Fig. 5 , the shortest residence times, averaged over the ensemble, decrease by 84% relative to the native value of 2.6 ps, whereas the longest times decrease by 70.7% relative to the native value of 240.7 ps. This supports the idea that the larger contribution to the overall shift is due to water molecules that reside on the protein surface for a few tens of picoseconds, as seen from the inset in Fig. 4 . For the entire ensemble, the average residence time from the histograms decreases by 37.1% relative to the corresponding native state value. The mean residence time from R P (t) and the average residence times from the histograms agree fairly well. The small differences in the two quantities can be attributed to overlap in the water molecules in the solvation layer definition of neighboring amino acid residues.
Translational and rotational dynamics
The mean-squared displacement of the solvation waters in the native state and the partially denatured simulations, as Data were obtained from histograms of average times at individual residues, and from a fit of the survival-time correlation function of the entire solvation level to a stretched exponential.
well as that obtained from a simulation of bulk SPC/E water are shown in Fig. 6 . Our constant-energy simulation of bulk water, equilibrated at 296 K and 1 atm pressure, yields a diffusion coefficient of 2.5 3 10 À5 cm 2 /s compared to the experimental value of 2.4 3 10 À5 cm 2 /s at 300 K (62). It is obvious from the figure that the solvent diffusion on the protein surface is significantly slower than the diffusion in bulk water. This is consistent with observations reported in previous studies with other proteins (27, 28, 30, 53, 55) . A value of a , 1 is a signature of anomalous diffusion of water molecules close to the protein surface. In Table 4 , we report the parameter a obtained from the power-law fit of the meansquared displacements in the diffusive regime. For the nativestate simulation, a ¼ 0.74 is in good agreement with that obtained in the 4-Å solvation layer of copper plastocyanin (27) . Although the a-value is significantly less than the bulk value for all protein systems, it is consistently larger for each member of the partially denatured ensemble compared to the native state. Thus, the transition from the N to the subcompact states is characterized by reduced anomaly in the diffusive behavior in hydration waters, with a shift toward bulk-like behavior. The hydration number (N s ) and the SASA/N s were averaged over the production runs. a-values were obtained from the power-law fit of the meansquared displacement, and t S and b from the stretched exponential fit of the dipolar second-rank relaxation. Fig. 7 shows the time evolution of the second-rank rotational correlation functions of hydration waters in the native and partially denatured states, as well as for bulk water. Consistent with the decreased residence times and enhanced translational dynamics discussed above, the rotational correlation function decays faster for waters solvating the partially denatured proteins relative to those solvating the native state conformer. In Table 4 , we also report the parameters obtained from a fit of P 2 (t) to the stretched exponential form after the initial transient decay. The mean rotational time is noticeably shorter for most of the partially denatured conformers. Similar to the behavior of the residence-time correlation functions, the stretching parameter, b, does not change significantly between the native and partially denatured forms, and the decrease in the mean rotational correlation time is mainly due to a change in t. Considering the entire denatured ensemble, the mean rotational time is found to decrease by 12.3% relative to the native state value.
As described earlier in Methods, the mean rotational time of a protein from P 2 (t) can be combined with the corresponding value in bulk to obtain the quantity r s (AEt s ae/t bulk À 1). The quantity extracted from the high-frequency region of NMRD relaxation profiles is the parameter N s r s . In Table 4 , we report the values of N s r s obtained from our native and partially denatured simulations of HaLA. The native state value of N s r s (2.05 3 10
3 ) is quite close to the quantity measured experimentally (1.83 6 0.16 3 10 3 ) for the homologous bovine a-lactalbumin (BaLA) (18) . We mention here that, to our knowledge, no significant difference has previously been found in the measured N s r s between the native and the partially denatured molten globule state for a variety of conformationally different proteins (18) . The N s r s of our partially denatured ensemble lies in the range (1.88 6 0.18 3 10 3 ), which is very close to the experimental value of (2.0 6 0.2 3 10 3 ) obtained for the MG state of BaLA.
DISCUSSION AND CONCLUSIONS
In this report, we have highlighted changes in a few aspects of protein solvation that occur when a globular protein moves from its natively folded to a partially denatured form, or vice versa. We have chosen an ensemble of conformers that are subcompact relative to the native state. As most of the native secondary structural elements are preserved (Fig. 3) , and owing to conformational stability in the subnanosecond time regime evidenced by their stable R g values, which are similar to experimental values, the partially denatured ensemble may be considered a reasonable representation of the MG state of HaLA for the purpose of studying surface hydration dynamics. Based on our results, we can infer that solvent dynamics in such metastable intermediates along the protein folding pathway should be faster compared to the native state. The reduction in the mean residence and mean rotational relaxation times are due to changes in the values of the characteristic times obtained from fits of the correlation functions to stretched exponentials, and the stretching parameter from the fit of these functions to the KWW form is not affected significantly. The native state is also marked by greater anomaly in the diffusion of its solvation waters compared to the denatured ensemble. It should be remarked here that anomalous diffusion of solvation waters is ascribed to topological disorder of the protein surface, or to temporal disorder arising from heterogeneity of the protein energy landscape (30) . In this case, the changes in the parameter a obtained from fits of the mean-squared displacement to the power law form, along with the relative insensitivity of the stretched exponential parameters, denote a complexity in the two types of contribution. Although a relative decrease in surface roughness in the partially denatured conformers could lead to less anomaly of the surface waters, the fact that the native and partially unfolded forms occupy different regions of the folding landscape could also play a role. Further studies would be required to fully discern the relative contributions of either factor to the observed phenomenon. The dynamical differences from the native state, observed consistently for each partially denatured conformer, suggest that the protein-water interactions in the two states may be different. To verify this, we have calculated the total energy of interaction (electrostatic and van der Waals) of every solvation water molecule with the protein, using the NAMDEnergy plugin of the Visual Molecular Dynamics program (69) ( Table 5 ). In Fig. 8 , we show histograms of these water-protein interaction energies from equispaced snapshots of the production runs, normalized such that the integrals of the histograms equal N s in each system. The figures indicate that the interactions are more favorable in the native state compared to the partially denatured states. The native state histogram peaks at À3.5 kcal mol À1 , whereas the corresponding value for the denatured ensemble is approximately À2.0 kcal mol À1 . The mean protein-solvent interaction energy is À8.23 kcal mol À1 for the native state, and À5.60 kcal mol À1 for the partially denatured states. Compared to the native conformer, the core region of the partially denatured conformers has greater probability of interaction with solvent water molecules. The large number of hydrophobic side chains lying at the protein core may therefore contribute to an overall decrease in favorability of the aqueous interactions. The small but distinct shift toward less favorable solvent interactions for the denatured ensemble reinforces the role of water in the marginal stabilization of the native state.
In Table 4 , we have reported the average number of water molecules (N s ) solvating the protein systems during the production runs. The loss of compaction is accompanied by solvent penetration into the protein interior for all but one of the partially denatured states. The ensemble average of the solvation number represents an 8.3% increase over the native state, which is much less than the increase predicted by earlier studies (56) . We also report the SASA/hydration number for every system. The SASA/hydration number shows a consistent increase over the native-state value for each member of the partially denatured ensemble. Thus, the average surface density of water molecules is lower in the partially denatured ensemble compared to the N state. The increase in the SASA/hydration number indicates that the increase in solvation is not proportionate to the extent of exposure of the protein interior, due to the change in the nature of proteinsurface interactions. In Fig. 9 , we display the water isodensity surfaces within the solvation layer of the native and each partially denatured conformer, averaged over snapshots taken every 2 ps during the production runs. The contour level of the density isosurfaces was chosen to depict regions of high density/probability, which can be considered as water ''binding sites'' on the surface of the protein (76) . It is evident from Fig. 9 that the density of water binding sites is higher, and their distribution more uniform, in the N state compared to the partially denatured ensemble. In short, the transition from the native to the partially denatured (MG-like) ensemble appears to be accompanied by a loss of well-defined water binding sites on the surface of the protein.
We can draw an important conclusion regarding the extent of surface hydration in MG states from the results of this study. To do so, it is first necessary to point out a few apparent discrepancies that have existed in the understanding of solvent penetration during the N/MG transition. With densitometric studies, as well as sound velocity and absorption studies, it has been seen that for such a transition in HaLA the partial molar volume has a negligible increase, whereas the increase in compressibility is much less than in the melting of macroscopic organic solids. This information, combined with the observation of a 1.42-fold increase in the hydrodynamic (Stokes) radius, has been translated to an influx of 270 water molecules into the interior of the protein during the transition (56) . The hydration number of a-lactalbumin has been estimated to be in the vicinity of 500 from the total surface area of the protein crystal structure (18, 77) , and hence, the calculated data imply an MG surface ;55% more hydrated than the N state. Such a large increase in hydration has also been proposed in 1 H NMR and spin diffusion studies of the N/MG transition in the larger carbonic anhydrase B protein (13) . The highest water signals in the spin diffusion spectra are found for the MG state, perhaps indicating that the MG state is closely associated with a much larger number of water molecules. Although this study does not quantify solvent penetration, it seems to generally agree with the extensively solvent-penetrated picture of the MG presented earlier based on HaLA (56).
In contrast, NMRD studies have reported that the hydration parameter N s r s remains nearly constant as a globular protein goes from the N to the MG state (18, 78) . This phenomenon has been consistently observed for a variety of globular proteins of widely differing size, secondary structure, number of water-binding sites, and, indeed, values of measured N s r s . For the hydration number, N s , to increase dramatically during the N/MG transition, there would have to be a corresponding decrease in r s to compensate for it; in the case of HaLA, this would be a nearly 35% decrease for the scenario discussed above. For larger proteins, which allow a greater influx of water molecules, the decrease would be even more drastic (77) . Such an interpretation of the NMRD data, although it is apparently consistent with the conclusions of the previously mentioned studies (13, 56) , appears counterintuitive when viewed in light of arguments put forward in a comprehensive review on protein conformational transitions, solvation, and the NMRD technique (77) . To be specific, it has been pointed out that in most studies, the dimensions of globular proteins are estimated by measurement of their hydrodynamic radii (R h ), which have been shown to be significantly affected by energy dissipation due to friction (19) . Since the MG state is more labile and has greater conformational flexibility, the discrepancy between its actual linear dimensions and the hydrodynamic radii is likely to be higher. However, compared to calorimetric, densitometric, dynamic light scattering, and sound absorption experiments, NMR studies report a greater compaction of the MG state (79) (80) (81) . In one study, the experimentally obtained R h was scaled to obtain the radius of gyration (79) . High solvent influx consistent with a less compact model of the MG state may therefore not provide an accurate description of the true extent of hydration. Based on a more recent NMRD work, researchers reported that the rotational relaxation of the vast majority of surface waters hydrating a protein is slowed relative to bulk waters by a factor of ;2, whereas r s ends up being between 4 and 5 due to the small number of very strongly associated water molecules (19) . Hence, a dramatic decrease in r s can only be brought about by the release of all strongly bound water molecules. Our simulation of the subcompact ensemble shows only a marginal increase in the extent of solvent penetration. In contrast to earlier reports of a 55% increase in solvation of the molten globule state, we find a ,9% increase due to solvent influx. The shift in energetics of the protein-solvent interactions in the partially denatured ensemble suggests that the change in solvation could contribute to decreased stability of the intermediate molten globule state. We show explicitly that the subcompact states have lower surface density of water compared to the native state. These changes are accompanied by a marginal but distinctive increase in mobility of the surface water dynamics. The ;12% downward shift in the mean rotational correlation time results in only a 15% decrease in r s in the denatured ensemble, compared to the N state. This value is substantially less than the nearly 40% change that would have accompanied the high solvent influx predicted earlier. The reproduction of the constancy of the NMRD parameter N s r s is the result of subtle changes in solvation number and dynamics between the native state and the partially denatured ensemble, and is consistent with the interpretation of NMRD data (77) .
This study, based on the simulations of the native and partially denatured states of the HaLA protein, is an attempt to understand aspects of solvent dynamical behavior that accompany conformational changes of a protein along its folding landscape. It should be noted here that intrinsically unstructured proteins have been shown to bind much larger amounts of water than globular proteins (15) . Such systems are highly disordered in their functional native form, and the dynamical properties of their hydration layer are likely to be different from that of partially unfolded globular proteins. Rather, the conclusions reached in this study ought to qualitatively represent phenomenological changes observed in the folding/unfolding of compact globular proteins. The values of the dynamic parameters and interaction energies, however, are likely to be dependent on the specific system under study (for example, N s r s has different values for different globular proteins). Also, changes in the solvent environment, such as those brought about by the addition of salt, and by perturbations to the water-protein interactions and hydrogen-bonding network, can alter not only the dynamical parameters, but also the relative changes observed in one conformational state over another. FIGURE 9 Water isodensity surfaces (light blue) on the protein surface (pink) of the native (N) and 15 partially denatured conformers.
